Introduction
Hemoglobin A (HbA), the RBC O 2 carrier, is a heterotetramer of 2 α-globin and 2 β-globin proteins (α2β2), each bound to a planar heme prosthetic group containing a central Fe atom that binds O 2 reversibly (1). Related globin proteins, including myoglobin, cytoglobin (Cygb), and neuroglobin, have unique patterns of tissue expression, subcellular localization, and affinity for external ligands, including O 2 , CO 2 , and NO (2) . Although HbA is expressed abundantly in RBC, low-level α-globin protein expression occurs in numerous other cells, including neuronal, retinal, alveolar epithelial, endometrial, kidney mesangial, and liver cells (2) . Most or all α-globin in these cells is probably heme bound, because the nonheme-bound (apo) form is unstable (3) . The functions of α-globin, if any, in nonerythroid tissues are unknown, although the concentrations of α-globin are probably too low to support the canonical role of O 2 transport. Primordial globin proteins are believed to have arisen in low-O 2 environments as O 2 sensors and/or enzymatic NO scavengers before evolving into RBC O 2 transporters (4).
α-Globin expressed in arteriolar endothelial cells (ECs) regulates vasoconstriction (5, 6) . Specifically, arteriolar α-globin is expressed predominantly in the myoendothelial junction (MEJ), also referred to as the myoendothelial projection, a specialized EC structure that penetrates the internal elastic lamina to contact vascular smooth muscle cells (VSMCs) and mediate cross-cellular signaling (7, 8) . In response to VSMC signals, MEJ endothelial cell NOS (eNOS) generates NO. This diffuses into adjacent VSMCs and activates soluble guanylyl cyclase to generate cyclic GMP, which induces vasodilation via multiple mechanisms (9) (10) (11) . Oxygenated, reduced (Fe 2+ ) α-globin in the MEJ binds eNOS and degrades NO via dioxygenation [NO + O 2 (Fe 2+ ) α-globin → NO 3 -+ (Fe 3+ ) α-globin] (12) (13) (14) . siRNA knockdown of α-globin expression in isolated arterioles increased local NO concentration and conferred resistance to phenylephrine-induced (PE-induced) vasoconstriction. Moreover, a peptide that disrupts the α-globin-eNOS interaction inhibited PE-induced vasoconstriction of isolated arterioles and reduced blood pressure after systemic administration (15) . These vasomotor effects caused by α-globin RNA knockdown or disruption of the α-globin-eNOS complex depended on eNOS activity, suggesting that MEJ α-globin degrades eNOS-derived NO to enhance vascular tone. Mathematical modeling supports this mechanism, assuming that sufficient concentrations of (Fe 2+ ) α-globin and eNOS are present at the MEJ (16) . In this regard, it is necessary to stabilize and reduce (Fe 3+ ) α-globin in ECs, because this redox form is particularly labile and unable to degrade NO.
Arteriolar endothelial cell-expressed (EC-expressed) α-globin binds endothelial NOS (eNOS) and degrades its enzymatic product, NO, via dioxygenation, thereby lessening the vasodilatory effects of NO on nearby vascular smooth muscle. Although this reaction potentially affects vascular physiology, the mechanisms that regulate α-globin expression and dioxygenase activity in ECs are unknown. Without β-globin, α-globin is unstable and cytotoxic, particularly in its oxidized form, which is generated by dioxygenation and recycled via endogenous reductases. We show that the molecular chaperone α-hemoglobin-stabilizing protein (AHSP) promotes arteriolar α-globin expression in vivo and facilitates its reduction by eNOS. In Ahsp −/− mice, EC α-globin was decreased by 70%. Ahsp −/− and Hba1 −/− mice exhibited similar evidence of increased vascular NO signaling, including arteriolar dilation, blunted α1-adrenergic vasoconstriction, and reduced blood pressure. Purified α-globin bound eNOS or AHSP, but not both together. In ECs in culture, eNOS or AHSP enhanced α-globin expression posttranscriptionally. However, only AHSP prevented oxidized α-globin precipitation in solution. Finally, eNOS reduced AHSP-bound α-globin approximately 6-fold faster than did the major erythrocyte hemoglobin reductases (cytochrome B5 reductase plus cytochrome B5). Our data support a model whereby redox-sensitive shuttling of EC α-globin between AHSP and eNOS regulates EC NO degradation and vascular tone.
Endothelial cell α-globin and its molecular chaperone α-hemoglobin-stabilizing protein regulate arteriolar contractility ) α-globin. Our findings support and extend previous models of α-globin function in ECs and demonstrate an essential role for AHSP in this process.
Results

α-Globin and AHSP are expressed in arterioles.
Immunofluorescence staining of thoracodorsal artery (TDA) and mesenteric arteriole sections detected α-globin, eNOS, and the MEJ marker PAI1 (21) ( Figure 1A and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI99933DS1), consistent with our previous report (8) . We were unable to costain sections for α-globin and AHSP, because both antibodies are derived from the same species (Supplemental Table 1 ). However, the distribution of α-globin and AHSP overlapped with that of PAI ( Figure 1A and Supplemental Figure 1 ), suggesting that the 3 proteins colocalize to the MEJ. In human mesentery and heart sections from 7 nonthalassemic individuals, ECs showed staining for α-globin with 2 polyclonal antisera prepared against different regions of the protein, but not for β-globin (Figure 1 , B and C; Supplemental Figure 2 , A and B; and Supplemental Table 1 ). In contrast, intraluminal RBC showed staining for α-globin and β-globin (Supplemental Figure 2 , C and D). We also detected eNOS, AHSP, and α-globin in human arteriolar VSMCs at a weaker staining intensity than was seen in ECs ( Figure 1 , B and C; Supplemental Figure 2, A and B) .
Expression of α-globin in ECs is AHSP dependent. We investigated whether AHSP regulates α-globin protein levels in small artery ECs, as in RBC (22) . Immunofluorescence staining of α-globin was reduced substantially in TDAs from Ahsp −/− mice ( Figure 2A ). Consistent with this, Western blot analysis showed that α-globin was reduced by approximately 70% in Ahsp −/− mice as compared with Cytochrome B5 reductase (CyB5R3) in ECs participates in α-globin reduction, although the mechanisms are undetermined (5, 6) . Arteriolar ECs express α-globin but not β-globin. However, α-globin monomers, particularly the oxidized (Fe 3+ ) form, are unstable. In cells, α-globin monomers are either eliminated by protein quality-control mechanisms or form toxic precipitates (17, 18) . In RBC precursors, α-globin is stabilized through interactions with β-globin or with the molecular chaperone α-hemoglobin-stabilizing protein (AHSP), which binds nascent apo-α-globin polypeptide to facilitate its folding for heme insertion and stabilizes the resultant holoprotein (α-globin) en route to HbA tetramer assembly (19, 20) . AHSP is coexpressed with α-globin in arteriolar ECs (8) . Therefore, EC α-globin could be stabilized through interactions with AHSP, eNOS, or both.
The current study addresses 3 major questions related to the roles of α-globin, eNOS, and AHSP in arterioles Positivity scores represent the number of positive pixels (intensity of 1+, 2+, or 3+), divided by the total number of pixels (both positive and negative) in a selected area. *P < 0.05, ***P < 0.005, and ****P < 0.001, by unpaired t test. Figure 4) . Six weeks after transplantation, the abnormal RBC indices (RBC distribution width index [RDW] and reticulocyte count) of both mutant genotypes resolved, suggesting that erythropoiesis was occurring largely through normal donor hematopoietic stem cells (Supplemental Table 2 ).
We used pressure myography to measure TDA lumen diameters after treatment with PE over a dose range of 10 −9 to 10 −3 M ( Figure 4A ). Compared with control arterioles, both Ahsp −/− and Hba1 −/− TDAs had significantly blunted responses to PE ( Figure 4A and Table 1 ). Mutant and WT TDAs showed similar responses to several drugs that bypass EC-derived NO signaling to VSMCs, including constriction after treatment with the eNOS inhibitor L-nitro-arginine methyl ester (L-NAME) ( Figure 4A ), constriction after treatment with KCl to depolarize VSMCs (Supplemental Figure 5A) , dilation after treatment with the intermediate and small potassium (IK/SK) channel activator NS309 to enhance EC-VSMC coupling (Supplemental Figure 5B) , and dilation after treatment with the NO donor sodium nitroprusside to activate VSMC guanylate cyclase directly (Supplemental Figure 5C ). Together, these data indicate that VSMC communication with ECs and physiologic responses to NO are intact and support the hypothesis that EC α-globin deficiency or loss of AHSP (with resultant α-globin deficiency) inhibits TDA contractility by increasing NO diffusion to VSMCs. To assess these effects systemically, we implanted radiotelemetry blood pressure monitors into the left carotid arteries of Ahsp −/− and Hba1 −/− mice that were transplanted previously with WT bone marrow. Compared with controls, both mutant strains had significantly lower mean arterial blood pressure ( Figure 4B ), with the loss of Hba1 having a stronger effect. expression in age-matched controls ( Figure 2 , B and C). Quantitative reverse transcription PCR (RT-qPCR) showed no difference between α-globin (Hba1 and Hba2) or eNOS (Nos3) mRNA levels in control and Ahsp −/− ECs ( Figure 2D ). Overall, these findings show that AHSP is required to maintain normal levels of α-globin in small artery ECs, probably by stabilizing the protein.
Disruption of Ahsp or Hba1 genes reduces small artery tone. We hypothesized that EC α-globin degrades NO to promote vasoconstriction of arterioles in vivo (8) . To investigate this possibility further, we evaluated baseline TDA diameters in Ahsp −/− and Hba1 −/− mice. Mouse α-globin is encoded by 2 tandem genes, Hba1 and Hba2, which are expressed at a 40:60 ratio in adult RBC (23) . The TDAs of Ahsp −/− and Hba1 −/− mice appeared to be dilated compared with those of WT controls ( Figure 3 , A and B). The lumen diameters of randomly sampled cross sections were increased by 92% (P < 0.001) and 69% (P < 0.01), respectively, in Ahsp −/− and Hba1 −/− mice ( Figure 3 , B and C). However, the mutant TDAs had normal thicknesses of the vascular smooth muscle and the internal elastic lamina layer (Supplemental Figure 3 ). Immunostaining for laminin and fibronectin showed similar subendothelial and adventitial deposition of these matrix proteins in all groups (data not shown). Coexpressed eNOS also increased α-globin-GFP expression, although to a lesser extent than did AHSP (the increases were 5-fold and 2-fold, respectively). In cell images, α-globin protein expression largely overlapped with that of AHSP or eNOS ( Figure 5A , far-right panels). Western blot analysis also showed enhancement of α-globin protein levels by coexpressed eNOS (a 2.6-fold increase) or AHSP (a 4.5-fold increase) ( Figure 5 , B and C). The steady-state levels of α-globin-GFP mRNA were not altered by coexpressed eNOS or AHSP ( Figure 5D ), consistent with our model in which these proteins bind α-globin and inhibit its degradation in cells.
To study the protein interactions in solution, we combined purified human AHSP, CO-α-globin, and Myc-eNOS and performed anti-Myc IP followed by Western blotting ( Figure  6 ). As reported previously (8) ) α-globin with AHSP or eNOS and then added the oxidant potassium ferricyanide and measured the precipitation, as evidenced by light scattering at 700 nm. We observed that free α-globin precipitated rapidly, whereas eNOS remained in solution (Supplemental Figure 7A) . AHSP, but not eNOS, inhibited the precipitation of oxidized α-globin ( Figure 7A and ref. 17) . Moreover, AHSP inhibited the precipitation of oxidized α-globin-eNOS. Thus, although AHSP and eNOS can each bind α-globin and enhance its accumulation in cells ( Figure 5 ), only AHSP stabilizes oxidized α-globin.
Reduction of (Fe 3+ ) α-globin-AHSP by CyB5R3 plus CyB5 or eNOS. Dioxygenation of NO by (Fe 2+ ) α-globin produces (Fe 3+ ) α-globin, which must be recycled to the reduced form. We studied this process in vitro, focusing on potential roles for AHSP ( Figure 7B ). In solution with 1 μM electron donor and acceptor proteins, CyB5R3 plus cytochrome B5 (CyB5) reduced (Fe 3+ ) α-globin-AHSP at 3 × 10 −3 /second (25°C) ( Figure 7B and Table 2 ), as with the rates achieved by other redox systems studied previously (27) . In contrast, CyB5R3 alone had no effect on (Fe 3+ ) α-globin-AHSP. There is a similar requirement for both proteins in the reduction of oxidized HbA (met HbA) in RBC, in which CyB5 serves as the direct electron donor (Table 2) (28, 29) . Remarkably, eNOS reduced (Fe 3+ ) α-globin-AHSP 6-fold more rapidly than did CyB5R plus CyB5 ( Figure 7B and Table 2 ). eNOS also reduced (Fe 3+ ) Cygb at a rate similar to that of (Fe 3+ ) α-globin-AHSP and reduced met HbA approximately 5-fold more slowly (Table 2 and Supplemental Figure 7 , B and C). All reductase reactions included CO, which inhibits electron transfer from the eNOS oxygenase domain and the reduced globin reaction product. Thus, eNOS reduces globins via direct electron transfer from its flavin-associated reductase domain (30) (31) (32) . Of note, we could not examine the effects of any reductase system on free (Fe 3+ ) α-globin or (Fe 3+ ) α-globin-eNOS, because these proteins precipitated rapidly in solution at 25°C (see Figure 7A ).
AHSP and eNOS interactions with α-globin.
Free α-globin denatures rapidly in cells and is eliminated by protein quality control mechanisms (18) or forms toxic precipitates (22, 25) . During RBC formation, AHSP acts as a molecular chaperone to stabilize α-globin before HbA assembly (19, 20) . In ECs, α-globin could be stabilized through interactions with eNOS and/or AHSP (8) . We expressed α-globin-GFP and AHSP-mCherry or eNOS-mCherry in cultures of human coronary artery ECs, which do not express endogenous α-globin or AHSP (data not shown). Consistent with our previous findings (17) , AHSP enhanced α-globin protein expression, as evidenced by the increase in the GFP signal: 8-fold as measured by image analysis and 4-fold as measured by flow cytometry ( Figure 5A and Supplemental Figure 6 , A-C). −/− mice (n = 4, 5 random measurements). **P < 0.01 and ***P < 0.005, by unpaired t test. ) α-globin facilitates its reduction by eNOS ( Figure 7B ). Thus, we propose a model for α-globin regulation in ECs, whereby the oxidized (Fe ) form generated by NO degradation is released from the oxygenase domain of eNOS (7, 8) , captured by AHSP, reduced to the (Fe 2+ ) form through a bimolecular reaction with the eNOS reductase domain, and then transferred back to eNOS for another cycle of NO degradation. This model predicts that AHSP deficiency will cause the accumulation of oxidized free α-globin and its subsequent degradation, NO stabilization, and vasodilation, as we observed in Ahsp -/-mice. The affinity of AHSP for (Fe 3+ ) α-globin is approximately 100-fold greater than for oxygenated (Fe 2+ ) α-globin (20, 42) . Although the kinetics of α-globin binding to eNOS are unknown, our model predicts that equilibria favor the binding of (Fe 2+ ) α-globin to eNOS and (Fe 3+ ) α-globin to AHSP. This is supported by the finding that oxidant-induced precipitation of α-globin-eNOS is inhibited by the addition of AHSP ( Figure 7A) .
The discovery that eNOS can serve as a direct electron donor to (Fe 3+ ) α-globin-AHSP highlights a previously unappreciated mechanism for globin protein reduction that probably contributes to EC physiology. Additionally, CyB5R3 binds the eNOS-α-globin com-
Discussion
In arterioles, eNOS-derived NO diffuses across MEJs to inhibit VSMC contractility, thereby enhancing vasodilation and O 2 delivery to tissues. This process is regulated physiologically at multiple levels, including that of NO destruction, which can be mediated by globin proteins (33, 34) . Our findings provide new insights into this process by showing that α-globin and AHSP participate in NO degradation in vivo. The results of previous studies support a model in which eNOS-bound α-globin degrades NO, thereby reducing its delivery across the MEJ to cause VSMC contraction and vasoconstriction (7, 8, 35) . Here, we confirm and extend those prior studies by showing that the molecular chaperone AHSP is required for α-globin protein expression in ECs and that Hba1 −/− and Ahsp −/− mice exhibit similarly dilated arterioles (thoracodorsal and mesenteric), with blunted α1-adrenergic contractile responses and reduced systemic blood pressure.
Free α-globin is unstable, and numerous cellular mechanisms exist to prevent its precipitation and/or degradation (17, 19, 20, (36) (37) (38) (39) . In RBC precursors, AHSP binds nascent α-globin, stabilizes its folding, and facilitates heme insertion. Ultimately, α-globin is transferred from AHSP to β-globin. Once formed, α-globin-β-globin dimers dissociate at very low rates, and AHSP is eventually degraded as HbA synthesis declines during RBC maturation. Thus, most α-globin in mature RBC is stabilized by β-globin in heterodimers and HbA heterotetramers. Ablation of the Ahsp gene destabilizes α-globin in RBC but causes only modest impairment of HbA production (22) . In contrast, Ahsp loss in ECs reduces α-globin protein by approximately 70%. Thus, AHSP stabilizes α-globin to a greater extent in ECs than in RBC, probably because ECs lack β-globin. In ECs in culture, eNOS stabilizes α-globin, but to a lesser extent than does AHSP ( Figure 5 and Supplemental Figure 6) . Moreover, AHSP, but not eNOS, inhibits the precipitation of oxidized (Fe 3+ ) α-globin in solution ( Figure 7A ). In the MEJ, oxygenated (Fe 2+ ) α-globin bound to eNOS promotes vasoconstriction by degrading locally produced NO to generate NO 3 -and oxidized (Fe 3+ ) α-globin, which is both unstable and unable to degrade NO. Previous studies showed that AHSP stabilizes bound (Fe 3+ ) α-globin by converting it to a hexacoordi- Figure 4 . Ahsp or Hba1 gene disruption inhibits vasoconstriction after α1-adrenergic stimulation and reduces systemic blood pressure. Mice with the indicated genotypes were lethally irradiated, transplanted with WT hematopoietic stem and progenitor cells to restore normal RBC production, and examined 6 to 8 weeks later. (A) Vasoconstriction of TDAs from control (n = 7) and mutant (Ahsp −/− , n = 9; Hba1 −/− , n = 6) mice after treatment with escalating doses of PE, with or without the eNOS inhibitor L-NAME (Ahsp −/− ± L-NAME, n = 4; Hba1 −/− ± L-NAME, n = 3). (B) Mean arterial blood pressures of mice with the indicated genotypes measured by radiotelemetry (control, n = 11; Ahsp −/− , n = 7; Hba1 −/− , n = 5). *P < 0.05 and ****P < 0.001, by 2-way ANOVA (A) and unpaired t test (B).
Table 1. PE dose responses for vasoconstriction of isolated TDAs
Genotype EC 50 Overall, our model predicts that NO diffusion or scavenging in ECs is regulated by redox-dependent shuttling of α-globin between eNOS and AHSP. Thus, conditions that promote heme oxidation, such as a high rate of NO degradation by α-globin, low O 2 tension, or acidosis (27, 43) , would favor AHSP sequestration of (Fe 3+ ) α-globin in an inert but stable state, so as to minimize NO degradation, promote vasodilation, and enhance tissue O 2 delivery. Reducing conditions would favor the accumulation of (Fe 2+ ) α-globin bound to eNOS, local NO degradation, and vasoconstriction. Additional factors may also influence α-globin dioxygenase activity, including other EC reductase systems, arteriolar shear forces that regulate eNOS activity, inflammation, and oxidative stress (44) .
Active eNOS functions as a homodimer to generate NO. To maintain catalytic activity, the reductase domains transfer electrons from NADPH via FAD and FMN to heme iron in the oxidase domains of the opposing subunits (45, 46) . The eNOS reductase domain can also transfer electrons to external substrates, with the best example being cytochrome c (32) . Here, we extend this concept by showing that eNOS can reduce globin proteins, including α-globin (bound to AHSP), Cygb, and neuroglobin (data not shown). This finding may have broad implications, considering that the related proteins inducible NOS (iNOS) and neuronal NOS (nNOS) could also modulate the redox states of Cygb and neuroglobin to regulate their functions in various tissues (47) .
Our studies elucidate one of several mechanisms by which globin proteins influence blood vessel tone by degrading NO. RBC HbA can either produce or degrade NO, with the latter process being particularly impactful during intravascular hemolysis (48) . Additionally, VSMC-expressed Cygb degrades NO, resulting in vasoconstriction and reduced tissue blood flow (49) . In isolated mesenteric arteries, the NO consumption by VSMC Cygb is greater than that by EC α-globin, although the relative activities of these 2 proteins with respect to NO metabolism may vary according to specific physiologic conditions, pathologies, and vascular beds. According to our findings, NOS proteins present in VSMCs may participate in the reduction of Cygb (Table 2 and ref. 50) .
The detection of α-globin and AHSP in mouse and human ECs suggests that the roles of these proteins in blood vessels are conserved across species (Figure 1) . However, Etyang et al. reported normal blood pressure in a cohort of Kenyan adolescents with α-thalassemia trait caused by the loss of 2 α-globin genes (51) . This contrasts with our finding that the systemic blood pressure of Hba1 −/− mice (which also lack 2 α-globin genes) was lower than that of control animals. Several possible explanations may account for this apparent inconsistency. First, human EC-expressed α-globin may have minimal effects on vascular tone compared with the effects we have observed in mice. Second, human EC α-globin may modulate blood pressure or regional blood flow under specific stresses. For example, α-globin is expressed in human and mouse pulmonary artery ECs during pulmonary hypertension and could contribute to its pathophysiology by degrading NO (52) . Third, low-grade hemolysis in individuals with α-thalassemia trait could raise plasma free Hb levels to degrade NO and thereby oppose the effects of α-globin reduction in ECs. Here, we studied isolated EC α-globin deficiency by transplanting α-thalassemic mice with WT hematopoietic stem cells, which generate normal RBC. Fourth, although the humans studied by Etyang et al. and the mice described here both lack 2 of the 4 total α-globin genes, the mutations are distinct and could impair EC α-globin expression to different extents (Supplemental Figure 8) . Overall, our studies provide new insights into the regulation of blood vessel contractility by showing that AHSP and α-globin participate in the elimination of NO, a potent vasodilator. Our model predicts that dynamic, reversible binding of α-globin to AHSP or eNOS represents a redox-sensitive mechanism for regulating blood vessel NO concentrations according to physiologic requirements. Further studies are required to validate this model and to fully appreciate the physiologic implications of our findings in mice and humans.
Methods
Mice. The breeding and analysis of Ahsp −/− and Hba1 −/− mice have been described previously (17, 24) . Experiments were conducted with 6-to 24-week-old mice, with WT littermates used as controls. Bone marrow transplantation was performed as described previously (53) . Briefly, recipient mice were lethally irradiated, and after a 24-hour interval, they received a transplant of 2 × 10 6 bone marrow cells from donor mice via tail-vein injection. Engraftment was determined by regenotyping the mice 4 weeks later. DNA constructs and lentiviral vectors. EGFP or mCherry fluorescent reporter sequences were fused in-frame to human α-globin, AHSP, or eNOS and subcloned into pCl20c-MSCV (54, 55) . Vector particles were prepared by transiently transfecting HEK293T cells with the vector genome plasmid and the packaging helper plasmids pCAGG-GP1.1R, pCAGG-VSVG, and pCAG4-RTR2 (56). The supernatant was concentrated by ultracentrifugation and titrated on HOS cells by serial dilution. Digital droplet PCR was then used to determine the vector genome copy number.
Cell culture and lentiviral transduction. Human primary coronary ECs (Lonza) were grown in EGM-2 Bullet Kit Medium (Lonza). Lentiviruses were added to the ECs for 72 hours. Cells were analyzed by microscopy with a Nikon Eclipse Ti microscope and NIS-Elements software, by flow cytometry with an LSR/Fortessa cell analyzer from BD Biosciences, and by Western blotting.
Antibodies. The source, application, concentration, and vendor of each antibody are listed in Supplemental Table 1 .
Blood vessel isolation and vasoreactivity studies. Mice were euthanized by CO 2 asphyxiation. The TDAs and mesenteric arteries were isolated by dissection, cannulated, and washed with Krebs-HEPES buffer supplemented with 1% BSA to remove RBC. Pressure myography was performed as described previously (57) , and the results were analyzed using SigmaPlot, version 10.0.
Blood pressure measurement. Mice were anesthetized with isoflurane, and radiotelemetry units (TA11PA-C10; Data Sciences International [DSI]) were implanted into their left carotid artery. In each Figure 6 . Mutually exclusive binding of AHSP or eNOS to α-globin. Myctagged eNOS (1 μg) was incubated with purified AHSP (25 ng) and/or α-globin (25 ng) for 90 minutes in TBS at 37°C and then immunoprecipitated with anti-Myc or IgG Dynabeads and analyzed by Western blotting using the indicated antibodies. The lanes were run on the same gel but were noncontiguous. This experiment was conducted 3 times. ) α-globin-AHSP complex by the indicated proteins (either 0.15 μM CyB5R3, 0.15 μM CyB5R3 plus 1 μM CyB5, or 1 μM full-length eNOS) with 50 to 100 μM NADH. Reactions were performed in PBS with 250 U/ml catalase at 25°C at a physiologically low O 2 concentration (10 Torr) with CO (100 μM) to prevent the eventual partial reoxidation of reduced α-globin. All reactions were performed 3 times. ΔA, change in light absorbance. jci.org
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Eclipse TE2000-E). Bright-field images were acquired with a Nikon Eclipse Ni microscope. All slides were initially analyzed in a blinded manner by a board-certified veterinary pathologist (HST).
Tissue microarray pathology data. A tissue microarray (TMA) containing nonthalassemic human vessels (n = 7) from 4 anatomic locations (the mesentery, heart, lung, and kidney) was constructed at St. Jude Children's Research Hospital. The IHC labeling conditions for anti-α-globin, anti-β-globin, and anti-AHSP are described in Supplemental Table 1 . IHC-labeled TMAs were digitized using an Aperio ScanScope scanner. Both vascular endothelium and vascular smooth muscle cores containing either mesenteric or coronary vessels were separately annotated with Aperio ImageScope software. Chromogenic labeling was analyzed using an optimized Aperio Positive Pixel Count Algorithm, version 9 (Leica Biosystems), for the batch analysis of annotated areas of interest across all TMAs. An algorithm output provided 1+, 2+, and 3+ intensity values for pixels that were positive, along with the total number of pixels (excluding white areas) in each annotated layer, to generate a separate positivity score for the vascular endothelium and smooth muscle.
RNA extraction and RT-qPCR. Total RNA was extracted from arteries as described previously (58) . Isolated arteries were cannulated and washed extensively with Krebs-HEPES buffer to remove RBC. The RNA purity and concentration were quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad), followed by RT-qPCR analysis using SYBR Green (Applied Biosystems). Gene-specific primers were designed using Primer3 (Supplemental Table 3 ). RT-qPCRs were performed in duplicate and normalized against Actb mRNA; the comparative ΔΔCt method was used to determine the relative mRNA levels for each gene studied.
Western blot analysis. Washed, isolated arteries were homogenized in RIPA buffer with protease inhibitor cocktail (Sigma-Aldrich) at 4°C, using a 200-μl hand-driven glass-glass Potter-Elvehjem Micro Tissue Grinder. Large cellular debris was concentrated by centrifugation (1,000 g for 5 minutes at 4°C) and discarded, followed by quantification of the protein in the supernatants using a Pierce BCA Kit (Thermo Fisher Scientific). Next, 30 μg of each arterial sample or 10 μg of transduced ECs was resolved by 12% SDS-PAGE, transferred onto a PVDF membrane, and incubated with the indicated antibodies animal, the catheter was tunneled through to the radio transmitter, which was placed into a subcutaneous pouch along the flank. Mice were allowed to recover for 7 days after surgery in order to regain their normal circadian rhythms before arterial pressure measurements and experiments were initiated. Continuous blood pressure measurements were recorded using Dataquest ART 20 software (DSI).
Histology. For standard histologic analysis, mice were anesthetized, the arteries were exposed by dissection, and the animals were perfused with 10% formalin. The arteries were removed, embedded in paraffin, sectioned at a thickness of 4 μm, and stained with H&E. For measurements of arterial lumen diameters, 3 sections 100 μm apart were prepared from each artery at a random site. Cross-sectional area measurements (in μm , and Hba1 −/− mice were made using a Nikon Eclipse Ni microscope and Nikon NIS-Elements software. Lumen diameters were determined in a blinded manner by a board-certified veterinary pathologist (HST). For electron microscopy, arteries from animals were perfused with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, and postfixed for 1.5 hours in 2% osmium tetroxide in 0.1 M cacodylate buffer with 0.3% potassium ferrocyanide. The arteries were dehydrated through a graded ethanol series, infiltrated with propylene oxide, and embedded in epoxy resin, which was polymerized at 70°C overnight. Semithin sections (0.5-μm thick) were stained with toluidine blue. Histochemical staining and immunostaining. Arteries were isolated from anesthetized, formalin-perfused mice, and 4-μm paraffin sections were prepared. For flat mounts, the arteries were sectioned longitudinally and processed whole. Whenever possible, we analyzed multiple antibodies prepared against different regions of the same protein. All antibodies used (Supplemental Table 1 ) were tested for specificity by Western blot analysis and immunostaining against a combination of positive control (spleen and bone marrow) and negative control (adult liver) tissues. For immunofluorescence, sections were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes at room temperature; treated with 3% BSA and 3% goat serum, 0.1% Triton, and 0.05% Tween-20 in PBS for 1 hour; and then incubated with a primary antibody overnight at 4°C. Sections were then washed extensively, incubated with the secondary antibody for 2 hours at room temperature, mounted on glass slides, and visualized with a confocal laser scanning microscope (Nikon Reactions were performed at pH 7.4 and 25°C in 50 mM potassium phosphate, 50 mM NaCl, A 250 mU/ml catalase (or 50 mU/ml catalase + 50 U/ml superoxide dismutase), and 10% glycerol. Reactions performed under anaerobic conditions also included 3 U/ml glucose oxidase and 1 mM β-D(+)-glucose. MetHb, oxidized hemoglobin. ditions with CO to prevent reoxidation of the reduced product by O 2 . The reaction kinetics were recorded as described previously (27) . Statistics. All data represent the mean ± SEM. Statistical analyses were performed using GraphPad Prism 6.0 software. For multiple comparisons, statistical analyses were performed using a 1-way ANO-VA with pairwise comparisons. A 2-tailed Student's t test was used for individual comparisons if they were normally distributed. For vascular reactivity cumulative concentration-response curves, a 2-way ANOVA was performed, followed by a Bonferroni post hoc test. P values of less than 0.05 were considered statistically significant.
Study approval. Mouse experimental protocols were approved by the IACUCs of St. Jude Children's Research Hospital and the University of Virginia. Human specimens collected from patients identified as not having thalassemia were provided in a deidentified format. The study was reviewed and approved by the IRB of St. Jude Children's Research Hospital.
Author contributions
CL, BEI, and MJW conceived and designed the experiments. CL, JTB, AF, LAB, JMK, MEG, HST, HA, and LK performed the experiments and collected data. CL, BEI, and MJW interpreted data and wrote the manuscript.
(Supplemental Figure 1) . Immunoreactive bands were labeled with the appropriate secondary antibodies coupled to HRP (Supplemental Table 1 ) and then detected with Pierce ECL Plus Western Blotting Substrate (Thermo Fisher Scientific). The apparent molecular mass of each protein was estimated by comparison with the PageRuler Precision Plus Protein Ladder (Bio-Rad). Signals were quantified using AlphaVIEW SA, version 3.4.0.0 software (ProteinSimple). Membranes were treated with Restore Plus Western Blot Stripping Solution (Thermo Fisher Scientific) to enable the sequential analysis of different proteins on the same membrane.
Co-IP. Purified Myc-tagged eNOS was purchased from Origene. Purified α-globin and AHSP proteins were generated as previously described (20) . Protein fractions were each incubated at equimolar concentrations for 90 minutes at 37ºC on a shaker, and then antiMyc Dynabeads were added and the mixture incubated for 2 hours at 4°C. The beads were subjected to extensive washing with TBST buffer complemented with 1% BSA, and then the bound proteins were removed by incubation with Laemmli buffer for 10 minutes at 95°C and subjected to Western blot analysis.
Precipitation of oxidized α-globin. α-Globin was diluted with 50 mM Tris, pH 7.4, 150 mM NaCl, and 1 mM EDTA to a final concentration of 15 μM and preincubated at 4°C with recombinant AHSP (20 μM or 40 μM) and/or eNOS (15 μM or 30 μM) (a gift from Huiying Li and Thomas L. Poulos, University of California, Irvine, Irvine, California, USA) in a volume of 90 μl for 60 minutes. The samples were warmed to 37°C, followed by addition of 10 μl of 0.5 mM potassium ferricyanide. Protein precipitation was quantified by light scattering at 700 nm using a Synergy H1 Plate Reader (BioTek) (17) .
Reduction of oxidized (Fe 3+ ) α-Hb bound to AHSP. Oxygenated (Fe 2+ ) α-globin (50 μM) was incubated with recombinant human AHSP (50 μM) at 25°C for 10 minutes. Under these conditions, AHSP-bound α-globin undergoes auto-oxidation to hexacoordinate (Fe 3+ ) α-globin, as monitored spectrophotometrically. Globin proteins were oxidized by adding potassium ferricyanide, which was then immediately removed by Sephadex G-25 (GE Healthcare Life Sciences) chromatography. Experiments performed under anaerobic conditions included 100 μM CO. Potential reducing proteins were added at the following concentrations: 0.2 μM soluble recombinant CyB5R3 (LSBio, LS-G1599); 1 μM CyB5 (a gift from Gilles Truan, Institut National des Sciences Appliquées, Toulouse, France) (27) ; and 1 μM recombinant soluble eNOS (a gift from Huiying Li and Thomas L. Poulos, University of California, Irvine) premixed with 50 μM reduced NADPH or 100 μM reduced NADH. All reactions were performed in PBS with 250 U/ml bovine liver catalase (Sigma-Aldrich, catalog C40) and 10% glycerol at pH 7.4 and 25°C. For reactions under aerobic conditions, 50 U/ml superoxide dismutase from Aspergillus niger (Sigma-Aldrich, catalog S2515) was added, whereas under anaerobic conditions, 3 U/ml glucose oxidase (Sigma-Aldrich, catalog G2133) and 1 mM β-D(+)-glucose were added. The reactions were performed under hypoxic con-
